We exploited the viscoelasticity of biocompatible dilute polymeric solutions, namely dilute poly (ethylene oxide) solutions, to significantly enhance mixing in microfluidic devices at very small Reynolds number, i.e. Re  0.023, but large Peclet and Elasticity numbers. With an abrupt contraction micro-geometry (8:1 contraction ratio), two different dilute poly (ethylene oxide) solutions were successfully mixed with a short flow length at a relatively fast flow velocity.
3
Introduction
A key attribute of flow dynamic in microdevices is their laminar character, which is in sharp contrast to the easily achievable turbulent flow in macroscopic process equipment. As a result, mixing fluids in microchannels is challenging and often an obstacle to achieve good performance in microfluidics systems (Ottino and Wiggins, 2004) . The reason for predominantly laminar flow in microdevices is their microscale dimensions, which lead to a small Reynolds number
where , V , d o , and  o are the fluid density, the average velocity, the characteristic length, and the viscosity respectively. Viscous effects become dominant in microscale and suppress viscous-inertial flow instabilities. Consequently, mixing of multiple streams in microchannels often relies on molecular-diffusion mechanism, and not on the effective mechanism of chaotic/turbulent flow instability (Stone et al., 2004; Nguyen and Wu, 2005) .
In general, miromixers can be categorized as passive micromixers and active micromixers (Nguyen and Wu, 2005) . Passive micromixers, which include lamination and chaotic advection micro-mixers, rely on the diffusive mixing mechanism. They require long and complicated channel geometry. Although active micromixers might be employed, they require external actuators. Both methods lead to complex and expensive fabrication processes. A different approach that bypasses the limitation of the low Reynolds number, yet provides efficient mixing, will be a significant improvement for microfluidic system design.
Solutions with trace amount of highly deformable polymers are viscoelastic fluids. These fluids, which are non-Newtonian, have a complex internal microstructure which can lead to counterintuitive flow and stress responses. The stress experienced by these fluids will not immediately become zero with the cessation of driving force and fluid motion, but decaying with a characteristic time due to its elasticity. By employing these fluids, viscoelastic flow instability can be generated in microfluidic device at very low Re (Re < 1). Burghelea et al. (2004) had recently extended the works of Groisman and Steinberg (2001) for viscoelastic mixing in millimeter length scale to micrometer length scales. Chaotic flow instabilities were exploited for enhancement of mixing at very low Reynolds numbers. Efficient mixing was demonstrated with a relatively long mixing channel at a moderate flowrate. The characteristic mixing times of these viscoelastic fluids were reduced by 3 to 4 orders of magnitude as compared to mixing based on the mechanism of molecular diffusion .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 Indeed, to exploit effectively the viscoelasticity of fluids for chaotic flow instability, and thus mixing, sharper and smaller geometries should be employed (Bird et al., 1987) . Stress singularities developed at such corners have been the source of elastic instabilities in many macro-scale experiments for fluids with viscosity in at least O(Pa•s), while rounded corners tend to suppress elastic behavior (Evans and Walter, 1986; Evans and Walter, 1989) . The distinct similarities of these nonlinear flow phenomena at micro-length scale experiments were demonstrated qualitatively in a microdevices with dilute viscoelastic fluids, with viscosity in O(mPa•s). For instance, in converging entry flow via a planar contraction microgeometry at a relatively low Reynolds number (Re < 10) (Rodd et al. (2005) ) and for flow in a flip-flop memory devices (Groisman et al., 2003) . The elastic effects were demonstrated to be dominant and they induced flow instability in an abrupt convergent/divergent microlength scale flow system.
The promotion of viscoelastic instability by utilizing microchannels with abrupt contraction/expansion geometry for micromixing was recently exploited by Gan et al. (2006a Gan et al. ( , 2006b . Their mixing experiments have very high values of Elasticity numbers (a ratio of elastic to inertial forces of the system), which are approximately 932 and 5070. At such a high Elasticity number, inertial effects were negligible. Thus, Reynolds number (a ratio of inertial to viscous forces of the system) is no longer relevant in describing the flow behaviors. The flow dynamics, and thus mixing, of two dissimilar viscoelastic fluid streams were mainly governed by the competition of the viscous and elastic forces in the flow field.
As such, Deborah number, which is a ratio of elastic to viscous forces of the system, would be the dominant governing parameter.
In the current investigation, we analyze the flow dynamics of mixing two dissimilar viscoelastic fluids through a converging/diverging flow system based on the measurements of both velocity flow field and fluorescence concentration field. Dilute poly-ethylene oxide (PEO) fluids were employed for its inherent viscoelastic effects and its biocompatibility such that any residual should not induce inflammatory response. In addition, PEO is watersoluble, avoiding the usage of potentially toxic organic solvents for dissolving it (Washburn 
Materials and Methods

Device fabrication and setup
We employed a microchannel with a depth of 150 µm and an abrupt contraction/expansion of 1000:125:1000 m to introduce the convergent/divergent flow. The length of the contraction was 1000 m. Side streams were introduced into the central main stream through two side channels, each at either side of the main channel. The side channels are 1000 m in width and located 3000 m upstream from the centerline of the contraction. The channel structures were realized in a silicon/glass chip, see Figure 1 . The microchip was made by silicon wafer and Pyrex glass wafer. A polymeric holder was designed and fabricated as the micro/macro fluidic interface. Details on device fabrication are contained in Gan et al. (2006b) .
The sample fluids were delivered by a precision syringe pump (Lomir Biomedical Inc.). The mainstream flowrate was 0.5  Q , with both side streams having the same flowrate of 0.25  Q .
Thus, the total flow rate was  Q . This flow rate ratio was achieved by driving simultaneously three different syringes with the appropriate size ratio by the same pump. The total volumetric flow rates used in the experiments were 0.5, 5 and 10 ml/h.
Fluid preparations
The mainstream fluid consists of 1 wt% PEO in 55 wt% glycerol water and green fluorescent dye. For brevity, this fluid is denoted as 1% PGW. The fluid of the side streams consists of 0.1 wt% PEO in water, and 3-µm red fluorescent microspheres. For brevity, this fluid is denoted as 0.1% PW. The mainstream fluid (1% PGW) has a higher viscosity and elasticity than the side streams fluid (0.1% PW), see Table 1 lists the rheological properties of the fluid. All the fluid properties were determined with the additives. Relaxation times () were computed from the ratio of storage modulus (G') and loss modulus (G"). The values of G' and G" were determined under shear stress in a frequency oscillation test (Rheometrics Scientific, -ARES -Advanced Rheometric Expansion). The steady shear viscosities were determined using a strain controlled -steady rate sweep test with shear rates in the range of 0.1 ≤  ≤ 100 s -1 . Due to the dilute viscosity of 0.1%PW, its  could not be determined with our facility and its value was taken from Rodd et al. (2005) . The viscosity of 0.1%PW was determined using the viscometer Contraves LS 40 (controlled rate mode). The diffusion coefficient of the dye in water was Wu et al., 2004) . Since diffusion coefficient is inversely proportional to the viscosity (Einstein, 1956) , we estimated that D = 1.47×10 -12 m 2 /s for 1% PGW, indicating that mixing based on diffusion mechanism is negligible.
Dimensionless Parameters
For mixing in laminar flow, diffusion is an important mechanism. Peclet number, Pe, indicates the relative importance of advection to diffusion, and is given by
where L char is the upstream channel width, D is the diffusion coefficient and  Q is the total volumetric flow rate. The higher the Pe, the less significant is diffusion.
For an aqueous or a viscous solution, the onset of flow instability can be characterized by the Reynolds number, Re, which measures the relative importance of inertial and viscous effects in a fluid flow. It can be defined as
where d is the channel depth, w c is the contraction width.  and η o are the fluid density and viscosity, respectively.
For a given geometry, the viscoelastic effects of a fluid flow can be characterized by the Deborah Number, De. The Deborah number is a dimensionless parameter which typifies the relative importance of the elastic stresses of the fluid with the time scale of the flow system (Bird   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 et al., 1987) . Generally, smaller dimension results in a higher characteristic deformation rate for the same flow rate, resulting in higher elastic effects and a higher De.
Deborah number can be expressed based on the characteristic shear rate,
The characteristic shear rate is 
Imaging techniques
The experimental setup, for both measurements of the velocity and the concentration fields is depicted schematically in Figure 2 . Basically, the setup consists of four main components:
an illumination system, an optical system, image acquisition devices and a control system.
Two different illumination sources, a double pulsed Q-switch (quality switched) Nd:YAG laser and a mercury lamp, were used for the measurements of the velocity field and the concentration field. The optical system consisted of an inverted microscope (Model ECLISPE TE2000-S) with a set of epi-fluorescent attachments. The image acquisition The recorded images were digitally transferred to a personal computer for further analysis.
For each flowrate, the flow field images in the same experiment were visualized using the green fluorescent dye (main stream) and the red fluorescent microspheres (side streams).
The images of the streams, at the same area of interest, were captured by switching the epi- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 observed and confirmed with post-analysis (streamlines and velocity vector field) using a commercial PIV software (Flow Manager, FlowMap). The formation of these asymmetrical vortices based on empirical observations was discussed in our previous work (Gan et al., 2006a; 2006b) . At higher flow rates, i.e.  Q = 5 ml/h, salient corner vortices were formed upstream of the contraction. For  Q = 5 ml/h, the upstream vortices were larger than in  Q = 0.5 ml/h but remained rather constant in size. The entire flow field was still rather laminar-like. This fact was supported by the symmetrical velocity profile plot with an increasing, but still relatively small variance, see Figure 6 . As shown in Figure 6 (a), at upstream of the contraction, there was a region at the center portion of the channel with much higher velocity. This indicated the side streams particles had penetrated into the mainstream and their velocity increased due to the transfer of momentum from the mainstream to these side stream particles. As shown in Figure 6 (b), at downstream of the contraction, one can observe more penetrations   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 with deep penetration of the side streams into the main stream, and with flow instability, it is expected that effective mixing would result in the microchannel.
Measurement of concentration field
Concentration measurements were conducted in order to evaluate the efficiency of mixing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Mixing performance of the mean flow was evaluated from the probability density function (PDF) of the intensity images, i.e. concentration measurements. The intensity of the grayscale in the recorded images is proportional to the green dye concentration. Details on quantifying mixing efficiency, eff  , from the PDF of intensity images are contained in Gan et al. (2006b) . The mixing efficiency eff  is quantified based on the following definition, % 100
where C i is the observed concentration on the normalized scale, C  is the concentration on the normalized scale for perfect mixing, and P(C i ) is the probability density function. In our investigation, for equal flow rate of the main and the side streams, perfect mixing concentration is C  = 0.5. With eq.(5), eff  = 0% for no mixing and eff  = 100% for perfect mixing .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 contraction, eff  was approximately 50%. This was mainly caused by the inhomogeneous volume of fluids discharged through the contraction intermittently, due to the frantic competition of the two streams at upstream of the contraction. As flow progressed further downstream, mixing was further promoted through viscoelastically induced flow instability, and  eff  increased steadily from 50% to 70%, see Figure 9 (c). Indeed, the CCD image in Figure 9 ((b) shown extensive overlapping of the two fluids. Thus, despite of the very low
Reynolds number (Re  0.023) and a large Peclet number (Pe  101 ×10 6 ), significant mixing was achieved.
Conclusions
Viscoelastic flow instability was achieved by employing viscoelastic fluids with simple convergent-divergent channel geometry. The proposed device was simple yet effective for mixing over a short distance, and at a relatively high flowrate. This flow regime has a negligibly small Reynolds number but very high Deborah number and Peclet number. This mixing approach bypasses the limitation of low Reynolds number in microfluidic applications. This micromixer can potentially be implemented in a lab-on-a-chip platform with minimum requirements for design and fabrication. However, further improvement is required to minimize the pressure drop in achieving a fast flow rate to elastically induce flow instability. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
